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In this thesis, two different schemes of bit rate limiter (BRL) are studied. They are 
based on fiber recalculating delay loop and our proposed 'slicing scheme，. For the 
fiber recalculating delay loop, we overview its filtering and noise properties, which 
make it behaves as a BRL device. However, the noise properties also impose 
limitation and instability to the system, making this approach impractical to be used 
as a BRL device. Thus, we propose a novel slicing scheme, which operates on the 
sampling principle to achieve bit rate limiting. The limiting bit rate can be varied 
easily without great modification in hardware configuration. In this scheme, we insert 
an optical switch between the two terminals. Thus, by applying a modulation signal 
with a specified frequency, the transmission bit stream will be sliced by the switch at 
the switching rate and it is then reconstructed by the low pass filtering of the receiver 
circuitry. When the data transmission rate approaches or exceeds the switching rate, 
the system will suffer from severe system penalty. As a result, in order to keep the 
system penalty below an acceptable value, the fiber link can only allow data 
transmission at a data rate lower than a certain data rate limit. Thus, the objective data 
rate limiting is achieved. Here, we have demonstrated the procedure to determine a 
suitable switching rate to limit the data rate at a predetermined value through 
iii 
experiments and simulation. The experimental results agree with the simulation 
results very well. We have verified experimentally the effectiveness of the slicing 
scheme by investigating the system penalty when the optical switch is operated at the 
determined switching rate. All the experimental results reveal that the slicing scheme 
is an effective approach to be used as a BRL scheme. 
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Dark fiber is simply a glass fiber optic thread with nothing attached to it. (i.e. no light 
being sent through it). In this "unlit" condition, it is available for use without the 
intermediation of phone company electronics or intelligent services. It is therefore of 
huge economic interests for the telephony providers to lease out the fibers to other 
users and ensure that the users will not transmit at data rates much higher than that is 
allowed by their subscription fee. Device, which imposes limits on transmission data 
rates or BRL, is thus needed to be developed. Two BRL schemes with operation 
based on interferometric principles were proposed previously [i]. None of these 
schemes, however, are practical due to the polarization phase-induced intensity noise. 
Hence, we propose and demonstrate a simple yet powerful BRL scheme, so-called 
slicing scheme, which is non-intrusive in nature and requires little maintenance. Also, 
it offers variable bit rate capability. 
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1.2 Fiber recirculating delay loop 
£1 
c 
Figure 1. 1 The configuration of the fiber recalculating delay loop. (C 二 coupier) 
The configuration of the fiber recalculating delay loop is shown in Fig. 1.1. It consists 
of a single mode fiber and a fiber coupler. If we feed a bit-stream to the loop, the 
output is the summation of the bit stream and its time-delayed replicates. Of course, 
the magnitude of the bit-stream and each time-delayed bit stream depend on the 
coupling coefficient of the fiber coupler. The fiber recalculating delay loop behaves 
as an optical notch filter with period 1/T and lowest order transmission null at 
frequency i/(2r), where r i s the fiber loop delay. By treating the fiber loop as a filter, 
the NRZ random bit streams with bit rate R can pass through the device without great 
degradation if R < 1/T. Detail explanations will be presented in Chapter 2. Also, the 
fiber recalculating delay loop will convert the phase noise of the laser to the 
polarization-dependent intensity noise. Bit-error rate (BER) floor may be formed, 
depending on the polarization states of the bit streams, the laser linewidth and the 
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receiver bandwidth. Thus, such fiber delay loop has bit rate limiting behavior. 
However, since, in practice, the polarization is hard to control and the noise beating 
present at the receiver is severe, the BER performance of the system become unstable 
after inserting the loop in the fiber link. Therefore, the fiber recalculating delay loop 
is not a practical approach to be a scheme for BRL. 
1.3 Slicing scheme 
As the fiber recalculating delay loop is found to be not suitable to be used as a BRL 
device, we propose and demonstrate a new scheme, slicing scheme, with operation 
principle similar to the classical Nyquist sampling theorem [2]. This scheme requires 
simply inserting an optical switch anywhere in the optical link between the two 
terminals, as shown in Fig. 1.2. The bit streams passing through the switch will be 
sliced and will be reconstructed at the receiver by the low pass filtering effect of the 
receiver. If the data rate is comparable to or exceeds the switching rate, the bit stream 
will be distorted a lot and cannot be reconstructed at the receiver. This illustrates the 
bit rate limiting behavior of the scheme. 
transmitter • switch • receiver 
Figure 1. 2 Slicing scheme 
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In this thesis, we have demonstrated how to select a suitable switching rate for a 
predetermined limiting bit rate and receiver bandwidth. We have also used this 
switching rate to demonstrate the effectiveness of the slicing scheme. A numerical 
model is built to verify the scheme theoretically. The simulation results agree with the 
experimental results very well. Therefore, the effectiveness of the slicing scheme is 
confirmed both experimentally and theoretically. 
1.4 Outline of the thesis 
This thesis consists of four chapters. Chapter 2 summarizes the properties of the fiber 
recalculating delay loop and its limitations. We will also discuss the reason why it is 
impractical to be used as a BRL device. In Chapter 3, we propose and demonstrate a 
new BRL scheme, slicing scheme. Various design considerations will be discussed. 
We will also discuss and illustrate the design procedure of a BRL using our proposed 
scheme. Finally, Chapter 4 summaries the thesis and some suggestions for future 
work will be also discussed. 
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Fiber recalculating delay loop 
2.1 Review 
2.1.1 Introduction 
There has been considerable interest in fiber recalculating delay loop for optical 
signal processing over recent years. Most of the papers were published in 80's. 
Different aspects of the fiber recalculating delay loop have been studied theoretically 
and experimentally, e.g. its filtering properties [3], the noise that results from the 
presence of such a structure [4], etc.. It has been used as a transient buffer memory 
and data rate transformer [5], a notch filter, a systolic processor [6] and a building 
block for single-mode fiber lattice filters [7]. Here, we concentrate on the use of the 
recalculating delay loop as the BRL. It is a passive optical device which, when 
inserted in the fiber link, limits the bit rate over the link. Applications are expected in 
so-called "dark fiber" installations, in which an unrepeated fiber is provided for use, 
to prevent customers from transmitting data at rates beyond the tariffed level. It is 
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inexpensive, easily synthesized and fully compatible with the existing single-mode-
fiber network. However, the BER floor is highly polarization-dependent. 
The following section will overview the filtering and noise properties of the fiber 
recalculating delay loop. The limitation of it will also be discussed. As a conclusion, 
this scheme is not suitable to be use as BRL. 
2.1.2 The device 
PC 
(•) 
——• ^ H ^ • — — 
1 c 2 
Figure 2. 1 The configuration of lhe fiber recalculating delay loop. 1 and 4 are the inputs. 2 and 
3 are the output. (C = fiber coupler, PC : polarization controller) 
The fiber recalculating delay loop, as show in Fig. 2.1, consists of a fiber coupler 
with a single-mode-fiber loop connecting one output (port 3) to its matching input 
6 
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(port 4). The remaining pair of ports is used to insert the device in the fiber link 
whose transmission rate is to be bounded. Optical power P] entering the coupler's 
port 1 is divided between output ports 2 and 3. The fraction of incident power that is 
cross-coupled to the fiber recalculating delay loop is referred to as the coupling ratio 
k = P3/P1, which necessarily satisfies 0 <k <7; the fraction coupled directly from port 
1 to port 2 is (l-k) = P2/P1, neglecting excess coupler loss. Overall insertion loss is 
small (on the order of 1 dB) and depends only on losses in the coupler, the fiber loop, 
and the splice or connector loss on port 3 and 4. The loop functions as a delay line 
that causes incident optical pulses to experience a round-trip propagation delay of T. 
If we feed a pulse to the device, a portion of the incident pulse passes directly through 
the device, while the remainder, which is coupled into the fiber loop, contributes to 
the output 2 a fraction k of its power on each successive recirculation. The result is an 
exponentially decaying train of output pulses, separated by time interval T, with 
amplitudes determined by k and by the loop loss. Since the envelope of the output 
pulse-train is broader than the incident pulse, a bound on usable bit rate is imposed 
[1]. 
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2.1.3 Filtering properties of the fiber recalculating delay loop 
0 _ 
^ X ^ 
c c 
Figure 2. 2 The configuration of Mach Zehiider. (C 二 coupler) 
We first consider the Mach-Zehnder configuration, Fig. 2.2. When we excite the 
device by an input intensity hn(t), the output intensity can be expressed as 
JoJO = a[IJt) + IJt-T)] (2,1) 
where a is a constant and T is the delay in relative delay of the two arms and we have 
neglected the interference effects here and assume the power on two arms are equal. 
After taking Fourier transforms, the magnitude response of the Mach-Zehnder is 
T ( f ) \ = 2a\cos(7tfT)\ (2.2) 
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Thus, there are a series of frequencies (= (2n+l)/(2f), for n = 0，1 ,2 ...) where the 
filter response goes to zero, and we have a notch filter or comb filter. For further 
details, refer to reference [8]. 
When consider the recalculating delay line, the output intensity is expressed by an 
infinite sum 
I。J" = tAJin(t-nT) (2 .3 ) 
n=0 
where T is the loop delay and A„ are constants determined by the power coupling 
coefficient k [4]. For k=2/3, An turns out to be Ao = 0.33, A； = 0.44, A2 = 0.14 [4], 
[9]‘ But with / = l/2T, the sinusoid associated with coefficient Aj is exactly out of 
phase with the other two [4], so I Ao - Aj + A2l is approximately zero. If we also 
include the higher order term, the sum will be zero precisely. Therefore，the filtering 
properties of the recalculating delay line will be very similar to that of the Mach 
Zehnder if k is chosen to be 2/3. The recalculating transfer function has been studied 
experimentally in [3] and [10]. 
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After discussing the analog-filtering behavior of the Mach-Zehnder and recalculating 
filters, we now discuss their effects on bit streams. If both of them have path 
difference T，the NRZ random bit streams with bit rates R can pass through the 
devices if 
R < - (2- 4) 
T 
approximately. We can explain this in the view of the filtering properties of the 
devices. As mentioned before, lowest order transmission null occurs at frequency 
l/2T. Hence, each will transmit NRZ signals at R < [2(l/2T)] = (l/z). Also, as R 
approaches 7/r, i.e. r approaches the bit period, the pulse shape will be distorted by 
the recirculated power of the previous bit. Therefore, the filtering properties and the 
pulse distortion make the delay lines behave as bit rate limiter[ 11]. 
2.1.4 Noise properties of the fiber recalculating delay loop 
Fiber delay lines do not merely reshape mean incident optical intensities by the 
filtering properties described above. They also introduce random intensity 
fluctuations. This is true even if the incident signal consists of continuous wave light 
of constant intensity. 
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Here, we represent each lasing mode of the source as A^ exp[ ((cOgt + ¢(1 ))]， 
where Ao is the polarized field amplitude, C0o is the center optical frequency, and ¢(1) 
is a stochastic process representing the phase noise. We neglect source intensity noise 
and observe that any additional intensity frustrations introduced by the fiber delay 
loop. If for simplicity, we consider only the first two output pulses from a 
recalculating delay line output. Then, the output intensity is the output field, a linear 
combination of the incident and delayed fields, A^ exp[ ((co^t + (j)(t ))] and 
A]exp[ i( coJ t - T ) + ¢( t - T ) ) ] . 
I„^Jt) = \aA,\' +\bAj\' +2Re[ab"A, • A； exp{i(co,T + ¢( t) - ¢( t - T ))] (2.5) 
Where a and b are constants determined by the loop loss and the directional coupler's 
power coupling coefficient. While the first two terms of the equation 2.1 are the 
straight through and delayed once intensities, the third is resulted from interference 
and it represents intensity fluctuations. The dot product in the third term also shows 
the phase-induced intensity noise is polarization-dependent. We can adjust the 
polarization of the recirculated wave and the third term will vanish for crossed 
polarization. However, we have to consider all the recirculated waves, i.e. the terms 
have not been listed in equation 2.1. When a polarization controller makes the 
contribution of the light after the first perpendicular to the incident light, the 
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contribution of light after the second loop will then be parallel to the incident light. 
Hence, all cannot be make mutually orthogonal. Also, the phase-induced intensity 
noise spectrum is periodic with period 1/T [4], where T is the delay of the fiber 
recalculating delay loop. 
Because of the signal dependent phase noise, the delay line will exhibit an error-rate 
floor. We can understand it by considering the SNR {<I>/(Gr+Gp)) of the photo 
detector output current, where <I> is the mean photocurrent, Gr is the thermal noise 
variance of the receiver and o"/ is the phase-induced intensity noise variance, which 
is signal dependent and is proportional to <I>^. If the receiver noise dominates, the 
SNR will be approximately equal to (</>/o>). Since o> is most likely a constant for a 
system, SNR will be nearly proportional to </>. Thus, normal BER performance will 
be shown. But, if intensity noise dominates, the SNR {^<I>/Op) will be nearly a 
constant as Gp is proportional to </>. Hence, BER floor will be formed. Depending 
on the laser source and on the states of polarization of the guided waves in the device, 
error rate floors ranging from 10'^  to less than 10 ^ have been measured at the 
recalculating-delay line output [11]. These floors greatly decrease when a properly 
adjusted polarization controller is installed in the fiber loop. 
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Thus, both the filtering properties and the phase-induced intensity noise of the 
recalculating delay make it behave as BRL when being inserted in the path of a bit-
stream. 
2.1.5 Limitations of the BRL device 
In spite of its transparency within the transmission window, the device described here 
can affect proper link operation in several ways. It introduces a small, but nonzero, 
insertion loss; moreover, its connectors may reflect incident power back into the laser 
cavity, which may cause undesirable fluctuations in output power. However, the 
major limitations are the polarization-dependent error rate floor. 
As mentioned before, the delay loop can impose an error rate floor larger than 10'^  
under parallel polarization. This is clearly intolerable for standard 
telecommunications applications. Thus, the device can be used as a BRL only if 
parallel polarization can be avoided. Since even very small fiber-stress birefringence, 
acting over kilometers of fiber, can produce large cumulative effect at the detector, 
avoiding this condition is expected to be quite hard. 
The amount of phase-induced intensity noise highly depends on the coherence time, 
i.e. linewidth, of the laser source. Thus, the performance of the BRL varies very much 
when we use different sources and it makes the device impractical. 
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Last but not the least, in the presence of the receiver noise and the phase-induced 
intensity noise, the optimal threshold will be lower than its usual position of 
{(<vi>+<vo>)/2), where <v;> and <vo> is the mean voltage of ONE bit and ZERO 
bit respectively [11]. 
2.2 Discussion 
The advantages of the fiber recalculating delay loop are that it is a passive device. 
Also, it consists of fiber and a coupler, thus the production cost is inexpensive and 
can be put anywhere along the fiber. It has filtering property and converts phase noise 
of the laser source to polarization-dependent intensity noise. These properties make 
the fiber recalculating delay loop behaves as a BRL device. However, the noise 
properties have also imposed limitations and instability to the system, making the 
fiber recalculating delay loop impractical to be use as a commercial BRL device. 
Therefore, another new scheme is proposed for a BRL device, slicing scheme, which 
will be studied in the next chapter. 
2.3 Summary 
In this chapter, we have reviewed the configuration of the fiber recalculating delay 
loop. It behaves as an optical notch filter with period l/T, where r is the loop delay. 
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By treating the loop as a filter, the NRZ random bit streams with bit rates R can pass 
through the device if R < l/z. Also, the fiber recalculating delay loop will convert the 
phase noise of the laser to the polarization-dependent intensity noise. BER floor may 
be formed, depending on the polarization states of the bit streams, the laser linewidth 
and the receiver bandwidth. Then, we conclude that the loop has BRL behavior. 
However, since the polarization is hard to control in practice, the BER performance 
of the system become unstable after inserting the loop in the fiber link. Thus, it 
cannot be used practically, all is because of its signal and polarization-dependent 
phase-induced intensity noise. Therefore, another scheme, slicing scheme, which is 





Bit rate limiters (BRL) have practical applications in the real world. They are 
attractive and useful to many commercial dark fiber providers to prevent their clients 
to transmit data at a data rate higher than the limiting rate that they paid for. It is 
even more desirable to have a BRL which can easily be reconfigured to limit the data 
transmission at different limiting data rates. In chapter 2, we have discussed the 
possibility of using optical recalculating delay loop to limit the data rate at a certain 
value. Though it is theoretically feasible, however, we have shown that such approach 
encounters many problems in photonic implementation such as polarization-
alignment, excessive homo-wavelength beating, etc. Also, this approach is not 
flexible to change the limiting data rate since this can only be achieved by changing 
the length of the fiber delay loop. Thus the approach using optical recalculating delay 
loop is not attractive to realize practical BRLs. 
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In this chapter we propose a novel and viable BRL scheme, called 'slicing scheme', to 
limit the data transmission rate by simply inserting an optical switch in the 
transmission link. The limiting data rate can easily be altered by changing the 
modulation rate of the in-line optical switch. The simplicity and flexibility of our 
scheme make it a desirable solution to realize a practical BRL. 
This chapter is organized as follows. In section 3.2, we describe the operation 
principle of our proposed 'slicing scheme'. In section 3.3, we experimentally 
investigate the feasibility of our scheme. Extensive bit error rate (BER) 
measurements have been performed to verify the validity of our scheme. We show 
that, by applying a modulation signal of a specified frequency to the in-line optical 
switch, our scheme imposes a sharp and drastic increment in the system penalty on 
the transmission link when the data transmission rate exceeds a certain limiting data 
rate. In order to theoretically verify our scheme, in section 3.4，we have built a 
numerical model and extensive simulations have been performed to study the 
functional characteristics of our scheme. The simulation results are presented in 
section 3.5 and they agree with the experimental results very well. Li section 3.6, we 
discuss the relationship between the system penalty and fJfs , illustrate the design 
procedure of a BRL using our proposed scheme and the pros and cons and of the 
slicing scheme. Section 3.7 summaries this chapter. 
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3.2 Slicing Scheme 
Fig. 3.1 shows the schematic diagram of our proposed slicing scheme. 
m MJi 
^ ^ ^ o ^ ^ z ^ — n A 
i L 
Transmitter MZ Receiver Output 
(^ 
\ ^ _ _ y Modulation voltage source 
Figure 3. 1 Slicing scheme (MZ : Mach Zehnder Interferornetric switch) 
In this scheme, an optical switch is required and can be inserted anywhere in the 
optical fiber link between the end terminals, that is, the transmitter and the receiver. 
The operation principle is based on sampling the data stream at a certain frequency, 
similar to the classical Nyquist sampling theorem [2] in the field of electrical 
communications. Consider the fiber link carries an NRZ data stream at a data rate of 
fd (in bps) and the switching rate of the in-line optical switch is/ , (in Hz). The optical 
switch can be an optical Mach-Zehnder Interferometric switch for high switching rate 
(MHz, GHz) or mechanical optical switch for low switching rate (kHz). In our 
demonstration, an optical Mach-Zehnder Mterferometric switch is used. The optical 
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switch is biased at the half-transmission point and the peak amplitude of the 
sinusoidal modulation signal is set to the V^ of the optical switch. Thus, the optical 
switch is simply an on-off switch at a switching rate of/^. After the data stream passes 
through the in-line optical switch, the data stream is sliced with respect to time at a 
rate of/^. Thus, each bit will be further broken down into time slices, each having a 
period of l/fs. After the sliced data stream reaches the receiver, each data bit will be 
reconstructed by the low-pass filtering effect of the receiver due to the limited 
bandwidth of the electrical circuitry. 
If the switching rate/, is much greater than data rate/j, each bit period will be broken 
down into many sinusoidal time slices and many high frequency components will be 
generated. If / , is much greater than the bandwidth of the receiver, such high 
frequency component will be easily eliminated by the low-pass filtering effect of the 
receiver and thus the original data bit level can be reconstructed without much 
distortion. However, if the switching rate/, is much smaller than the data rate/^, that 
is, only a few, say one or two, sinusoidal time slices will be formed per bit period. 
Thus, if the sliced signal probably falls within the bandwidth of the receiver, the 
receiver's low-pass filtering effect does not help at all to reconstruct the original bit 
level. So, the resultant data waveform will be severely distorted and this imposes a 
severe power penalty or even a BER floor on the data stream. Li view of this 
phenomenon, a careful selection of the switching rate fs can impose a great power 
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penalty to any data stream with data rate greater than a certain limiting value, but 
only negligible (< 1 dB) power penalty when the data rate is smaller than the limiting 
data rate. Thus, the bit rate limiting effect can be achieved by using this slicing 
scheme. With this scheme, after the data rate exceeds beyond the limiting data rate, 
the power penalty increases very sharply and drastically, as will be described later. 
Thus, our scheme for BRL is very effective in bit-rate limiting. We also found that 
the rate of the increment in power penalty can also be controlled by carefully 
selecting the ratio of the filter's bandwidth to the data rate, to meet different required 
specifications. Such design considerations will be further discussed in section 3.6. 
Besides, in this scheme, the limiting data rate can be altered by simply changing the 
switching rate/, of the optical switch and thus BRLs using this scheme can be known 
as Variable bit-rate limiters'. 
3.3 Experimental Investigation 
Fig. 3.2 shows the experimental set up for our proposed slicing scheme for BRL. The 
transmitter used is an DFB laser with a center wavelength of 1555 nm. The optical 
Mach-Zehnder interferometric switch (UTP APE MZM-1.5-8-T-l-l) has an insertion 
loss of about 3-dB and an extinction ratio of about 26 dB. A high-speed RF signal 
generator (HP 8657B) is used to generate a sinusoidal signal to drive the optical 
switch to perform data slicing. The receiver used is a p-i-n receiver with a 3-dB 
bandwidth of 1.6 GHz. Since the receiver bandwidth was too large in our 
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demonstration, we connected an RF low-pass filter at the receiver output to further 
narrow down the receiver bandwidth. 
Transmitter 遷 MZ i i U i _ MA Receiver 
Y � _ 0 - •ATT . A 
I PC ^ 丁 
^ ~~T~ ~ 
@ _ LPF 
Modulation Voltage Source  
^ A A I ^ I 
BERT ^ • CRO 
Figure 3 . 2 Experimental set up (PC = polarization controller, MZ = Mach Zehnder 
Interferometiic switch, ATT 二 optical attenuator, LPF = low pass filter, CRO - oscilloscope, 
BERT=bit error rate tester and data pattern generator). 
Firstly, the laser is directly modulated by a 2^°-l PRBS NRZ data stream at a data 
rate of fd=lOO Mbps. The data is then sliced by the optical switch modulated 
sinusoidally at switching rates of /s=100 MHz and 400 MHz. The output data was 
detected directly by the receiver. A RF low-pass filter with a 3-dB bandwidth of 155 
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MHz was added at the receiver output to narrow down the receiver bandwidth. 
Finally, the data waveforms were examined on an oscilloscope (CRO). Fig. 3.3 shows 
the obtained data waveforms with an input data pattern of ‘0101100101，. Fig. 3.3(a) 
and Fig. 3.3(b) show the data waveforms before passing through the RF low-pass 
filter when the switching rates (/；) at the optical switch are 100 MHz and 400 MHz 
respectively. Note that the data bits are sliced into short pulses. The maximum 
number of such short pulses per data bit is equal to the ratio f / fa . Since the receiver 
bandwidth is so large (1.6 GHz) (without RF filter) as compared to the switching rate 
fs, it imposes negligible low-pass filtering effect on the short pulses. Fig. 3.3(c) and 
Fig. 3.3(d) show the corresponding data waveforms of Fig. 3.3(a) and Fig. 3.3(b) 
after passing through the RF low-pass filter (155 MHz 3-dB bandwidth) at the 
receiver output. The slicing details of the data waveform were smoothed out by the 
low pass filtering of the RF filter. By comparing Fig. 3(c) and Fig. 3(d), the 
reconstructed data waveform in Fig. 3(d) has less distortion with respect to the 
original input data waveform. The reason is that the data waveform in Fig. 3(b) 
contains much frequency components (400 MHz) which are out of the RF filter's 
bandwidth (155 MHz) and thus such high frequency components are filtered out. As a 
result, the slicing effect becomes diminished and the data waveform can be 
reconstructed without much distortion. However, the data being sliced at 100 MHz 
(Fig. 3(a)) cannot be recovered to the original NRZ waveform. Since the frequency 
components of the sliced pulses are within the receiver bandwidth (155 MHz), the RF 
low-pass filter does not help to smooth out and recover the original data waveform. 
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Thus, this distorted data waveform will result in degraded bit error rate performance. 
From the above investigation, we can claim that, for a certain receiver bandwidth, the 
choice of the switching rate / , at the optical switch does affect the waveform of the 
recovered data and this in turn affects the bit error rate performance of the data stream 
during the decision process. Different switching rate/? can be used to degrade the bit 
error rate performance or equivalently impose system penalty to the data stream of 





Figure 3. 3 Received oscilloscope waveform traces for data rate f,/ ~ � 0 0 Mbps, and switching 
rates (a) f , = iOO MHz (before filtering), (b)/.;.= 400 MHz (before filtering), (c) /.；. =100 MHz (after 
filtering) and (d)/� . 二 400 MHz (after filtering). A RF-fiIter with a 3-dB bandwidth of 155 MHz was 
used after the photo-detector in the experiments. The horizontal and vertical scales for all graphs are 10 
ns/div and 50 mV/div, respectively. The data bit pattern is 0101100101. 
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We have experimentally investigated the bit error rate performance of the data stream 
under our proposed slicing scheme for bit rate limiting. When the optical switch 
operates at different switching rates (/；), the BER curves may deviate from the BER 
curve of back-to-back configuration (no modulation signal applied to the switch) and 
thus such discrepancy (in dB) in receiver sensitivity at a certain BER is defined as the 
system penalty. The data rate is claimed to be limited when the system penalty at 
BER = 10_9 is over 1 dB compared to the back-to-back configuration. We have 
considered data streams at different data rates {fd) being sliced at different switching 
rates 仏).In the first demonstration, we have chosen 600 Mbps as the limiting data 
rate. Before verifying the effectiveness of the slicing scheme, we must seek a suitable 
switching rate 仏）to limit the data stream at a predetermined limiting data rate. We 
started by fixing the ratio of the filter 3-dB bandwidth to the data rate (2^^-l PRBS, 
NRZ) at 0.75. Thus, the filter 3-dB bandwidth is 455 MHz. Then, BER measurements 
were performed at switching rates 仏)：550 MHz, 565 MHz, 570 MHz, 590 MHz, 610 
MHz, 800 MHz, 1 GHz and 2 GHz. The back-to-back BER curve was also measured 
by not applying any modulation signal to the optical switch. The measurement results 
are shown in Fig 3.4. It is shown that the system penalty reduces as the switching rate 
(fs) increases from 550 MHz to 2 GHz. As the switching rate (fs) increases, the data 
pattern is easier to be reconstructed by the low pass filtering of the receiver circuitry 
and the RF low-pass filter and so the system penalty decreases. The system penalties 
at BER = 10-9 at different switching rates (fs) are derived from the BER curves shown 
Fig. 3.4 and are plotted in Fig. 3.5. The system penalty increases mildly (about 0.5 
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dB) when the switching rate (/；,) decreases up to 900 MHz. Then, the system penalty 
increases faster (about 1 dB) when the switching rate reduces from 900 MHz to 600 
MHz. When the switching rate is further reduced from 600MHz, the system penalty 
increases rapidly and drastically. From Fig. 3.5, the system penalty is 1 dB at a 
switching rate of about 800 MHz. Therefore 800 MHz is the suitable switching rate 
of the optical switch for limiting the data rate at 600 Mbps. 
1e-3 n  
\ • V Q _ • _ /=550 M H z 
1e-4 - ^ \ \ T \ \ .-0-/,=565MHz 
冬\ ‘ .. \ b V ^ - /.=570 M H z 
\ \ \ \ \ \ \ ^ - / = 5 9 0 M H z 
1e-5 - ^ ¾ 々 \ \ \ ~»~/、=610MHz 
^ ^A \， \ 'Q \ ~ n - • /=800 M H z 
1e-6 - B ^ • 、 \ '.‘. \ ^ • ^ =1 G H z 
£ \ \ \\ ‘ \ \ \ + / � = 2 G H z 
CQ V, \ • •々 \ \ X • - • • - back-back 
：；：M \ \ V — 
1e-9 - — — — — — — 如 1 卞 — \ - . 各 — — ^  
1e-10 i 1 1 1 1 1 1 1 1  
-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 
Received power (dBm) 
Figure 3. 4 Experimental results. BER performance fovf^ 二 600 Mbps (2'(M PRBS, NRZ) when 
/； was varied from 550 MHz to 2 GHz. The 3-dB bandwidth of the RF fiiter used is 455 MHz. 
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Figure 3. 5 Experimental results. System penalty derived from Fig 3.4 
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During the experiments, we observed the eye diagrams of the signal after passing 
through the RF filter (just before entering the BERT) for different switch rates on the 
high-speed digital oscilloscope (HP 54120B). Fig. 3.6 shows the eye diagrams. Fig. 
3.6(a) to Fig. 3.6(f) show the eye diagrams of the signal with a data rate of 600 Mbps 
and switching rates: 550 MHz, 590 MHz, 610 MHz, 800 MHz, 1 GHz and 2 GHz. As 
expected, the eyes open as the switch rate is increased form 550 MHz to 2 GHz. The 
eye with a switching rate of 2 GHz resembles the back-to-back one. That means the 
BER performance of them are very similar and it is verified in Fig. 3.4. The 
distribution of the voltage of ONE bit and ZERO bit at the center of the eye diagrams 
in Fig. 3.6 are shown in Fig. 3.7. Although the distributions of ONE bit and ZERO bit 
for every pair of data rate (fd) and switching rate (fs) are deterministic, they are 
irregular. Fig. 3.7(g) and Fig. 3.7(h) show the double peaks in the ZERO bit and they 
are actually introduced by the RF low-pass filter. 
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Figure 3. 6 The eye diagrams of the data stream jusr before entering the bit error rate tester. The 
data rate is 600 Mbps (2'"-l PRBS，NRZ) and switching rates are (a) 550 MHz, (b) 590 MHz, (c) 610 
MHz, (d) 800 MHz, (e) 1 GHz and (f) 2 GHz. (g) and (h) are the back-to-back with RF filter and back-
to-back, without R.F filter, respectively. A RF filter with a 3-dB bandwidth of 455 MHz was used after 
the photo-detector in the experiments. The horizontal and vertical scales for all graphs are 500 ps/div 
and 60 mV/div, respectively. 
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Figure 3. 7 These histograms show the volta.ge distributions at the center of the eye diagrams 
shown in Fig. 3.6. The data rate is 600 Mbps (2'()"1 PRBS, NRZ) and switching rates are (a) 550 MHz, 
(b) 590 MHz, (c) 610 MHz, (d) 800 MHz, (e) 1 GHz and (f) 2 GHz. (g) and (h) are the back-toback 
with RF fiiter and back-to-back wirhoul RF filter, respectively. A RF filter with a 3-dB bandwidth of 
455 MHz was used after the photo-detector in the experiments. The horizontal and vertical scales for 
all graphs are 500 ps/div and 60 mV/div, respectively. The number of samples acquired in each 
histogram is 20000. 
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As shown by the experimental results (Fig. 3.5), 800 MHz is the suitable switching 
rate (¾) to limit the data rate {fd) to 600 Mbps when the receiver bandwidth (with RF 
filter) is 455MHz. To verify the effectiveness of the slicing scheme, we fixed the 
switching rate (fs) at 800 MHz and the receiver bandwidth (with RF filter) at 455 
MHz. Then, we measure the BER for data rates: 200 Mbps, 500 Mbps, 600 Mbps, 
650 Mbps, 670 Mbps, 700 Mbps and 718 Mbps. The back-to-back curves are also 
measured for every corresponding data rate. The results are shown in Fig. 3.8. The 
system penalties for each data rate with respect to its corresponding back-to-back 
curves are plotted in Fig. 3.9. The system penalty increases slightly for data rates up 
to 500 Mbps. Then, for data rates from 500 Mbps to 650 Mbps, the system penalty 
increases sharply and it further increases with a faster rate for data rates beyond 650 
Mbps. From this figure, we can prove that the data pattern becomes more difficult to 
be reconstructed when the data rate {fd) is comparable or exceeds the switching rate 
(fsh The system penalty is 1 dB for data rate equals 600 Mbps. Therefore, this 
configuration limits the bit rate at 600 Mbps. The sharp increase of the system 
penalty for data rate exceeding 650 Mbps shows the slicing scheme is effective in bit 
rate limiting. 
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Figure 3. 8 Experimental results. BER performance for switching rate /;. ~ 800 MHz with data 
nitefa was varied from 200 Mbps to 718 Mbps (2")-�PRBS, NRZ). The 3-dB bandwidrh of the RF 
filter used is 455 MHz. 
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Figure 3. 9 Experimental results. System penalty derived f3:0m Fig. 3.8. 
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Figure 3. 10 Nuraerical model for the Slicing scheme. (S() (t) 二 original signal, g (i) : switch 
modulation function, k = attenuation factor, r - optical-to-electrical coefficient at receiver, h (t) = filter 
transfer function, Pei = probability error of bit ONE, Peo = probability error of bit ZERO, BER : bit 
error rate, ® - multiply by, * = convolution, © - plus) 
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In this section, a numerical model, which is used to theoretically analyze the 
performance of BRL using our proposed slicing scheme, will be presented. The 
numerical model is shown in Fig 10. Firstly, the time dependent signal is multiplied 
by the switch modulation function g (t). Then the function is multiplied by the 
attenuation factor k. as the data enters the receiver, the function is multiplied by the 
optical-to-electrical conversion factor r. afterwards, and the function is convoluted 
with the filter function h (t). Then, we sample every bit symbol in which the sampling 
point is chosen approximately at the center of eye diagram. The threshold is taken as 
the average of ONE and ZERO bit levels. The BER is then calculated by the 
amplitude distributions of ONE bit and ZERO bit, thermal noise, shot noise and the 
relative intensity noise. All the three noises are assumed to be Gaussian distributed. 
Here are the declarations for the functions and variables: 
S()(t) 二 original signal 
g(t) = modulation function of the switch 
h(t) 二 filter function in time domain 
k = attenuation factor 
r = optical to electrical conversion factor of the receiver 
aok = magnitude of the sampling point of the 於出 ZERO-bit 
ajk = magnitude of the sampling point of the 斤出 ONE-bit. 
Vth 二 threshold voltage used to calculate the BER 
Aom = magnitude of the in^ bin of the histogram formed by all aok 
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A!m = central magnitude of the rn^ bin of the histogram formed by all ajk 
Dom = occurrence frequency of the m^ bin of the histogram formed by all aok 
Dim = occurrence frequency of the m^ bin of the histogram formed by all a!k 
Uo = sum of all Dom 
U] = sum of all Dj^ 
Gf2 二 thermal noise 
GsOm^  = shot noise of the m^ ^ bin of the histogram formed by all aok 
Gsini 二 shot noise of the m^ bin of the histogram formed by all ajk 
R^iNOrn ~ ^elative intensity noise of the rn^ bin of the histogram formed by aok 
^RiNiJ ~ relative intensity noise of the rn^ bin of the histogram formed by aik 
2 th Gom : total noise of the m bin of the histogram formed by aok 
CFiJ = total noise of the m^ ^ bin of the histogram formed by aik 
PeOm = probability of error of the rn^ bin of the histogram formed by aok 
Peirn = probabiHty of error of the rn^ bin of the histogram formed by ajk 
Peo = probability of error of the ZERO bit 
Pel = probability of error of the ONE bit 
This model starts by passing the original data sequence S()(t) through the switch with 
modulation function g(t). Hence, the modulated signal is 
5Tf) = ^ W # r > ¢) (3. i ) 
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where 中 is the initial phase of the switch modulating function and is determined at the 
beginning of each run. Then, the data passes through the attenuator, i.e. the signal S(t) 
is multiplied by the attenuation coefficient k, 
S(t) = k 5,(r) gfr, 0) (3. 2) 
At the receiver, S(t) is multiplied by the optical to electrical conversion factor r. Thus, 
.SYr) - r k So(t) g(t^ ¢) (3 .3 ) 
After passing through low pass filter with function h(t), the signal S(t) then becomes 
S(t)^rk[So(t)g(t, ¢)] : _ ) (3. 4) 
Finally, a sample is taken from every bit symbol. The samples at ONE bit are 
represented by an, an, ai3, ^i4, ciis, ... and the samples at ZERO bit are represented 
by aoi, ao2, cLo3, ^ o4, cio5, ... Then, these two sets of sample points are used to plot two 
histograms, each with N bins. Dj,n (Do,n) and Aj^ (Ao,n) represent the occurrence 
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frequency and the central value of the m^ ^ bin of the histogram drawn by ONE 
(ZERO) bit samples respectively. 
Before calculating the BER, we calculate the noise variance of ONE bit (07) and 
ZERO (ob) bit by adding the thermal, shot and RIN noise directly, and all the three 
noises are assumed to be Gaussian distributed. 
^ lm = 如 加 2 +^slJ +<KlN!in ( ^ " ^ ) 
^ Om =如加 2 +CT.vO,/ +O'RIN0m (^‘ 6) 
The threshold of the voltage (vth) is the average of aok and a]k. 
V 二 ⑷ + � (3. 7 ) 
"7. 2 
The probability of error of the mth bin of the histogram of ONE bit [12] and ZERO bit 
are 
P i = — D , . _ f ^ ; v " , ] (3.8) 
"爪 2Ui 丨爪 J [ a,V2 ^ 
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D 1 ^ . (^th — (^Om)l n 9) 
PeO,n = -:^^O.n • 吵 ~ ^ ^ •, 
2 " f l L G()m^^2 
where Uj {Uo) is the sum of all Dim {Dom)-
Since the shape of the histograms are deterministic, the probability error of ONE and 
ZERO bit are the summation of equation 3.8 and 3.9 for all m (all bins of the 
histogram) respectively. 
P , = l ± D � . . r / c f ^ l ^ L _ Z > l (3 . 10) e/ 9/-7 L~t im J nr 2 U I m=i [ cr ;^ V 2 J 
P = _ J _ V D -erfc f � 7 _A(hn 1 (3. 11) r") )jj Za U(>m erjC ^ 
2U() m=/ 1^  c r " ^ V 2 J 
We assume the occurrence probability of ONE bit and ZERO bit are the same, hence, 
U ( ) = U i ( 3 . 1 2 ) 
BER =y(P., + P,J (3,13) 
Then, the BER is 
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BER = ^ t U , . . _ f A ^ ) + Z ) - . _ f z ^ ] ] (3. 14) 
4 ^ 0 r^-l[ [ (Jj,n^ ) [ CJo,n^ J_ 
When we calculate the bit error rate, three kinds of noises are considered. They are 
thermal noise, shot noise and the relative intensity noise. Thermal noise and shot 
noise are the two fundamental noise mechanisms responsible for current fluctuations 
in all optical receivers. Intensity noise describes the noise generated by the laser. 
Thermal noise is due to the random thermal motion of electrons in the load resistor at 
the front end of the optical receiver. It depends on temperature and the bandwidth of 
the receiver. It is the same for ONE and ZERO bit. Shot noise is caused by the 
Poisson arrival of the photons and randomly partitioning. It depends on the received 
optical power and the receiver bandwidth. Usually, relative intensity noise (RJEN) is 
considered in analog communication systems, not in digital communication systems, 
because analog systems require high signal-to-noise ratios. The RIN is less significant 
in digital systems. Unconventionally, we include the relative intensity noise in the 
calculation of the bit error rate. The reason is that when we study the cases with high 
system penalty, the optical received power is so high (in the range of -20 dBm to —10 
dBm) that makes the relative intensity noise comparable to the thermal and shot 
noise, therefore, it should not be ignored in the calculation. 
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3.5 Simulations 
Based on the numerical model (Fig. 3.10) presented in the last section, we have 
performed numerical simulations of our proposed slicing scheme. We try to simulate 
the experimental results shown in Fig. 3.4. All the parameters used in the simulation 
program, which is written in MATLAB, are listed in Table 1. 
Variables and function in Values in program 
numerical analysis model 
So{t) “ NRZ 2'^-l PBRS data sequence with length 10000, 
and each bit symbol is represented by 18 samples 
g(t, ¢) 1 + sin( 0.571 sin(2Ttfst+(p)), where 0 is the initial 
phase and is randomly generated at the beginning 
of each run 
k Varies as needed 
~r 31.6AAV 
h(t) Butterworth low-pass filter with bandwidth 455 
MHz and 9'^  order 
^ 1.5x10-4 (mAf 
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" ^ ? 4.60x10—6 (Aom-min(aok)) (mA)^ 
Gsi^  4.60x10—6 (Airn-min(aok)) (mAf 
ORim^  9.08 (Aom-min(aok)f (mAf 
CfRiNi^ 9 . 0 8 (Aim-min(aok)f ( m A ) ^ 
Table 3. 1 The values of the parameters and fonctions in the numerical analysis model. 
The values of the noise variance listed in Table 3.1 are calculated by the following 
r^ 
three equations and the unit of all of them are Ampere square (A ). 
Thermal noise: j^2 = 4kJBr^ 
t R 
Shot noise of bit ZERO: cr^" = 2e{A,,^ — min( a,, j) B r 
Shot noise of bit ONE: cF^ 二 2€(八丨丨” -min( a„,)) B r 
RIN 
Relative intensity noise of bit ZERO: 心卩讯=10^ OV — mti( a^, )f B 
RIN 
Relative intensity noise of bit ONE: cj'— = 10] (A„, 一 min( a^, )f B 
The values of the parameters used in calculating the noises are listed in Table 3.2. 
Parameters Values 
h (Boltzmann's constant) 1.38x10'^^ J/K 
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T (temperature) 298 K 
B (filter 3-dB-bandwidth) 455 MHz 
R (resistance) 50 Q 
e (electron charge) 1.60x10"^^ C 
RIN -127 dB/Hz 
Table 3, 2 Tlie values used to calculate the noises. 
The simulation results are shown in Fig. 3.11. Comparing Fig. 3.11 with the 
experimental data shown in Fig. 3.4，both plots are similar. The shape of the curves 
with switching rates of 565 MHz to 2 GHz and the back-to-back curve of the two 
plots are alike. However, the shape of the curves with a switching rate of 550 MHz in 
the two figures are not similar. The one obtained experimentally (Fig. 3.4) is more 
straight than the one obtained by simulation (Fig 3.11). The slope of the curves in the 
experimental measurements is smaller than that in the simulation, i.e. the BER is 
higher. It is because this curve is obtained in the region of higher received power that 
makes it expose to higher noise and more sensitive to the switch modulation function. 
The switch transfer characteristic is a sinusoidal function. Normally, the switch is 
biased at the half-transmission point of the switch's transfer characteristic. However, 
the transfer characteristic of the switch will drift gradually to a higher bias voltage 
during the experiments, i.e., higher bias voltage is needed to obtain the same transfer 
characteristic. So, it is difficult to keep the bias voltage stable at the half-transmission 
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point of the switch's transfer characteristic. If we modulate the switch sinusoidally 
about the bias voltage which is lower than the actual value, i.e., closer to the trough of 
transfer characteristic, the BER will increase, or vice versa. Apart from the bias 
voltage of the switch, all the parameters used in the simulations shown in Fig. 3.12 
are the same as those in Fig. 3.11. The bias voltage used in Fig. 3.12 is lowered by 
0.03. As expected, the BER curves with switching rates from 565 MHz to 2 GHz only 
change a little, but the curve with a switching rate of 550 MHz become more straight. 
Fig. 3.13 shows the effect of increasing the overall noise of Fig. 3.11 by 10 %, the 
same effect has been resulted. Therefore, we can conclude that the straightness of the 
curve with a switching rate of 550 MHz in Fig. 3.4 is caused by the combination 
effect of the excess noise and the lowered bias point of the switch. 
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\ \ 、 ^ ! ^ ^ ^ ^ 米 550 MHz 
10_4「 \ \ \ \ \ \ ^ \^^^ X 565 M H z : 
: \ \ \ \ \ \ \ ^ • 570 M H z 
10_5「 \ \ \ \ W \ + 590 M H z , 
\ \ \ \ \ \ \ ——610MHz 
10" r \ \ \ \ \ \ \ - - 8 0 0 M H z ^ 
1 i \ \ \\ \\ \ . . 1GHz ： 
1 0 - � \ \ \ \ \ \ \ _ 2 G H z 二 
V. \ \ \ V \ \ • back-back hMk 
-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 
Received power (dBm) 
Figure 3. 11 Simulation results. BER performance for f^ 二 800 Mbps (2仍-1 PRBS, NRZ) undf, 
varying from 780 MHz to 2 GHz. The RF fiiter bandwidth is 455 MHz. 
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一 3 
10 V I \ \ ® ^ ^ ~i 1 1 n 1  
： \ \ \ W “ 550 M H z ： 
1cr4� \ \ \ W X X 565 MHz 
； Y \ \ \ V \ • 570 M H z : 
10-5; \ \ \. \ \ \ + 590 M H z ； 
\ \ \ \ \ \ \ --610MHz ； 
1 � - � \ \ \ \ \ ^ \ - - 8 _ z 
: ; - - - - - - m ^ 
io_iot 1 >~~Li^ J__L_\ I \ \ • , . 
-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 
Received power (dBm) 
Figure 3. 12 Simulation results. BER performance for /^ = 800 Mbps (2'''-l PRBS, NRZ) and f . 
varying from 780 MHz to 2 GHz. The RF filter bandwidth is 455 MHz. The bias of the switch is lower 
than that in Fig. 3.11 by 0.03. 
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一 3 
10— V' \ \ \ x X ‘ ‘ ‘ n ‘ 
\ ' W v X ^ 来 550 M H z : 
1 0 _、 \ ' \ \ ^ X X ^ ^ X 565 M H z • 
； \ \ _ W \ 。57糧； 
10-5; \ A \ \ \ + 590 MHz 
\ \ \ \ \ \ \ .-.-610MHz ； 
10-6; V \ \ W \ - - 800 MHZ �-J I • \ 二：=； 
； V\ \ \ \ \ \ ‘ back-back ： ;;^ ity 
-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 
Received power (dBm) 
Figure 3. 13 Simulation results. BER perfonnaiice for^/^ = 800 Mbps (2”�)-l PRBS, NRZ) and f , 
varying from 780 MHz to 2 GHz. The RF filter bandwidth is 455 MHz. The overall noise in this 
simulation is 10% higher than that in Fig. 3.11. 
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The system penalty at BER=10'^ derived from Fig. 3.11 together with those derived 
from the experimental results (Fig. 3.4) are shown in Fig. 3.14. Both of them have the 
same behavior. For the curves obtained by simulation, the system penalty is only 0.5 
dB when the switching rate is reduced from 2 GHz to 800 MHz. When the switching 
rate (fs) is decreased from 800 MHz to 600 MHz, the system penalty increases from 
0.5 dB to 1.5 dB. When the switching rate decreases further, system penalty increases 
very sharply. Fig. 14 also shows that the simulation results agree with the 
experimental results very well. The minor discrepancy is due to the experimental 
error, the excessive noise and the drift of the switch characteristic, all of which have 
not been considered in the simulation. For example, we calculate the thermal, shot 
and RJN noise by the theoretical formulae only and we have not included the noise 
due to the reflection of thejoints. All these factors can increase the BER of the curves 
and make the system penalty rise more rapidly as the switching rate decreases. Since 
the simulation results agree nicely with the experimental results, we can conclude the 
simulation model is valid. By using this model, we can find the suitable switching 
rates for different pairs of limiting data rate and filter 3-dB bandwidth. 
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Figure 3. 14 The line represents the system penalty derived from the simi!lati()n shown in Fig. 
3.11. The dots represent the system penalty (Fig. 3.5) derived from experimental results shown in Fig. 
3,4. Iii both cases, the data rate is 600 Mbps (2"'-l PBRS, NRZ) and l:lie 3-dB bandwidth of the RF 
filter is 455 MHz. 
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3.6 Discussion 
3.6.1 The relationship between the system penalty and the ratiofJfs 
In the section, we study the behavior of the system penalty in terms of the ratio of 
data rate to the switching rate by simulations. Using our numerical model, we 
simulated the BER curves for data rates 250 Mbps, 400 Mbps and 800 Mbps at the 
same RF filter bandwidth to data rate ratio of 0.75. The system penalties are derived 
from the three BER curves and they are plotted against the ratio (fd/fs) in Fig. 3.15. It 
is shown that the three system penalty curves overlap with each other at the same 
ratio of filter bandwidth to data rate. It is because the system penalty introduced by 
the switch and the RF low-pass filter is the same for the same ratio of data rate to 
switching rate {fd/fs)- fc Fig. 3.15, another set of curves is obtained with data rates 250 
Mbps, 400 Mbps and 800 Mbps, but the filter bandwidth to data rate ratio is 0.85 
instead of 0.75. Similarly, this set of curves also overlap with each other, but with 
relatively higher system penalty as compared with the set of system penalty curves 
having the filter bandwidth to data rate ratio of 0.75. Comparing these two sets of 
curves, they all overlap with each other for {fd/fs) < 0.9. After this critical point, each 
set of curves increases sharply with different rate. The reason is that for (fd/fs) < 0.9, 
the switching rate 仏）is much higher than the RF filter bandwidth, so, the slicing 
details are eliminated by the RF low-pass filter, no matter the ratio (RF filter 
bandwidth to data rate) is 0.75 or 0.85. However, when fd/fs > 0.9, the RF filter 
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bandwidth becomes a critical factor to determine the BER. Thus, the two sets of 
curves separate from each other. Comparatively, the smaller value of (0.75) the filter 
bandwidth to data rate ratio can cutoff more higher frequencies, leading to a reduction 
of noise and a smoother signal. Thus, the system penalty increases more slowly than 
the curves with ratio 0.85. These curves show that there exists a relation between the 
system penalty and the ratio of data rate to switching rate for the same filter 
bandwidth to data rate ratio. 
11 n  
10 - 〒 
9 _ • /,=250 M b p s I 丫= 
〇 / , 4 0 0 M b p s k lf 
m 8 - —•— /尸800 M b p s f |/ 
^ 7 _ ~ v — /,=250 M b p s i I 
% ^ 1 - /.=400 M b p s B / f , = 0.80 C I ^ P 
I 6— | 〜 = 8 。 。 M b p s | J p o . 7 5 
暴 _ _ y 
0 i -o-^ I ff-"^^T"^^"^^^^^^^ , , , 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 
///s.(Mbps/MHz) 
Figure 3. 15 Simulation results. System penalty for the filter bandwidth to data rate ratio 0.75 and 
0.85. 
50 
Chapter 3 Slicing scheme 
3.6.2 Design of BRL 
As our numerical model correctly model the realistic experimental setup, we can use 
this model to find a suitable switching rate {fs) for a practical bit-rate limiter using our 
slicing scheme. First, we must determine the limiting data rate and the required 
receiver 3-dB bandwidth. The RF filter can be omitted if the receiver bandwidth 
already meets the required value. Then, we simulate the BER curves using 
appropriate parameters and derive the system penalty from the BER curves. Thus, the 
suitable switching rate {fs) is the one having 1 dB system penalty. In section 3.3, we 
have to determine this value experimentally, but now, we can use the numerical 
model to determine this value, and thus this facilitates our system design. However, 
we have to estimate the deviations between the simulated value and the real value. 
Let us illustrate the BRL design procedure by an example. Assume we want to limit 
the date rate to 250 Mbps and the receiver 3-dB bandwidth is 205 MHz. We first use 
our numerical model to perform simulation to obtain the simulated BER curves and 
system penalty at different switching rate of the optical switch. The simulation results 
are shown in Fig. 3.16 and the corresponding system penalty is shown in Fig. 3.17. 
From Fig. 3.17, the suitable switching rate 仏）is found to be about 275 MHz. Then, 
we can apply a sinusoidal modulation signal with a frequency of 275 MHz to drive 
the in-line optical switch and perform the experimental measurement with NRZ data 
streams of different data rates. The experimental results are shown in Fig. 3.18 and 
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the corresponding obtained system penalty is shown in Fig. 3.19. It is shown that our 
scheme imposes over 1 dB system penalty to the data stream for data rates exceeding 
230 Mbps. The sharp increase in the system penalty for data rates beyond 230Mbps 
proves that our scheme is very effective in limiting the data rate at a certain value. 
Also, the system penalty at 250 Mbps is 1.1 dB instead of 1 dB as we expected. The 
discrepancy between the experimental limiting data rate and our expected value is 
due to the excessive noise introduced by the system. As the noise is higher in the 
realistic setup, the system penalty of every data rate increases and therefore the 
limiting data rate shifts to a lower value. 
1 0 - 3 ^ ^ " ^ " ‘ " ~ " ^ ^ T “ ~ ^ ~ 
: \ v > \ X ^ ^ 242 M H z : 
10 「 \ \ \ \ \ ^ ^ X 245 M H z -
"y. \ \ \ \^^ ^ \ ^ 〇 255 M H z 
10_5「 \. \ \ \ \ X + 260 M H z : 
y-. \ \ \ \ \ . -. - 270 M H z 
10-^ r \ . \ \ \ \ \ . 300 MHz ： 
I \ . . \ . \ \ \ \ — 5 0 0 M H z 
1。-7 — \ . \. \ \ \ \ . back-back i M E 
-32 -30 -28 —26 -24 -22 -20 -18 -16 —14 
Received power (dBm) 
Figure 3. 16 Simulation results. BER performance for/:;=25() Mbps (2 '^^ -l PRBS, NRZ) and/;, 
varying from 242 MHz to 500 MHz. The RF filter bandwidth is 205 MHz. 
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Figure 3. 17 Simulation results. System penalty derived from Fig. 3.16 
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Figure 3. 18 Experimental resolts. BER performance for j^ ,.=^ 275 and f：/ varying froin 50 Mbps to 
285 Mbps (2' --l PRBS, NRZ). The RF filter bandwidth is 205 MHz. 
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Figure 3. 19 Experimental results. System penalty derived from Fig. 3.18. 
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3.6.3 Advantages and Disadvantages of the slicing scheme 
The slicing scheme features its simplicity. Only an optical switch is needed to be 
inserted in the fiber link. It is fully compatible with the existing network and easily 
installed. It allows us to change the limiting data rate by simply varying the switching 
rate of the optical switch. Also, the simulation model of the slicing scheme is very 
simple. Despite the above advantages, the in-line optical switch is an active device, 
which requires a power supply. The reliability of an active device should also be 
taken into consideration. 
3.7 Summary 
In this chapter, we have proposed and demonstrated a new BRL scheme, slicing 
scheme. We have experimentally verified the effectiveness of the scheme. We have 
also developed a numerical model to model the real system and the simulations based 
on the numerical model agree with the experimental results very nicely. A 
relationship between the system penalty and the ratio of data rate to switching rate at 
the same filter bandwidth to data rate ratio is also investigated. It shows that the 
limiting data rate is about 0.9 of the switching rate when the filter bandwidth to the 
data rate ratio is around the range of 0.75 to 0.85. Li the discussion section, we have 
illustrated the design procedure of a BRL using our slicing scheme. An example with 
a limiting data rate of 250 Mbps has been presented and the data rate limiting effect 
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has been verified by experimental measurements. In a nutshell, we have 
demonstrated, both experimentally and theoretically, a novel and practical slicing 




In this thesis, two different schemes for bit rate limiters (BRL) has been studied, one 
is fiber recalculating delay loop and the other one is our proposed slicing scheme. 
4.1 Fiber recalculating delay loop as a BRL device 
In Chapter 2，we have discussed the filtering and noise properties of the fiber 
recalculating delay loop. These properties make it behave as a BRL device. Also, it is 
passive, cheap, easily synthesized and can be inserted anywhere between the two 
terminals. It is very desirable if we can use it to limit the data transmission rate in the 
dark fiber. Therefore, extensive studies have been carried out. However, the results 
show that, it is not so promising. Due to the polarization-dependent phase-induced 
intensity noise and the excessive noise beating present at the receiver, the BER 
performance of the bit streams after passing through the fiber recalculating delay loop 
is extremely unstable. This makes the fiber recalculating delay loop impractical. 
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4.2 Slicing scheme 
Fiber delay lines are the only scheme that scientists have suggested to limit the bit 
rate in the optical transmission system. However, we have found that it is not feasible 
and practical at all. Therefore, we propose the slicing scheme. In stead of using a 
fiber loop with fixed length, we insert an optical switch in the fiber link. By operating 
the optical switching at a switching rate lower than a critical value, the system penalty 
of the data stream will increase sharply and drastically. In this way, the fiber link can 
support data transmission at a data rate lower than a prescribed limiting data rate. We 
have described how to obtain a suitable switching rate to limit the data rate at 600 
Mbps and an example with a limiting data rate of 600 Mbps is given to illustrate the 
design procedure. Then, we demonstrate the effectiveness of the scheme by passing 
data streams at various data rates with a fixed switching rate (800 MHz). The result 
shows that any data streams with data rate higher that 650 Mbps will suffer from 
severe system penalty. Also, we have developed a numerical model to simulate the 
suitable switching rate for a data rate of 600 Mbps. The simulation results agree 
nicely with the experimental results. Thus, we can use the simulation model to 
investigate the relationship between system penalty and the ratio data rate to 
switching rate (Jd/fs) for a fixed ratio of filter bandwidth to the data transmission rate. 
It was found that the bit rate limiting behavior is the same for a fixed ratio of filter 
bandwidth to data rate. Finally, we apply the simulation model to determine a suitable 
switching rate of 275 MHz for limiting the data rate at 250 Mbps and the receiver 
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bandwidth of 205 MHz is considered. The obtained bit rate limit is 230 Mbps instead 
of 250 Mbps. The deviation is due to the excess experimental noise and experimental 
error. 
In summary, we have demonstrated the design procedure and the effectiveness of our 
proposed slicing scheme as a feasible BRL approach experimentally. We have also 
developed a simulation model to determine the suitable switching rate to limit the 
system at a certain data rate. 
4.3 Future work 
In this thesis, we have investigated the performance of the slicing scheme for only 
NRZ modulation format. In the future we can investigate different modulation 
formats such as Return-to-Zero (RZ) format. Also we can investigate the effect of 
applying different kinds of modulation signal to drive the optical switch. Instead of 
sinusoidal signal, rectangular signal and triangular signal can also be studied. 
Moreover, when the fiber link is very long, the dispersion effect may also affect the 
bit rate limiting effect and this is worth further investigation. In short, in order to 
make the slicing scheme more practical, we need to investigate more issues that may 
affect the performance of the scheme. 
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